.
INTRODUCTION:
Infrared spectroscopy is a tool which deals with the molecular vibrations in which corresponding molecule changes its dipole moment [2, 3] . A molecule is chemically influenced in a material from the atoms or group of atoms around it. Its bonding strength depends on the type of bonding, charge on the molecule and electronic environment around the molecule. Studying vibrational frequency and intensity of spectral bands of the infrared spectra digs up state of the molecule and its environment [3] . However, due to the interaction with neighbors the composite spectrum of molecules in vivo is very complex. Isotope labeling is one of the methods of separating contribution of a particular group of vibration in the composite spectrum [1] [2] [3] [4] [5] . Frequency of vibration is generally decreases upon isotope labeling of some atom which takes part in the vibration when it is replaced with a heavier isotope. The decrease of frequency upon isotope labeling also changes the extent and type of coupling between two functional groups which are vibrating with nearly equal frequencies. It is of physical importance to study what happens to the infrared weak symmetric band upon asymmetric isotope labeling. Ubiquinone is one of the most studied and useful molecules in this field of research.
Ubiquinones (UQ n : 2,3-dimethoxy-5-methyl-6-polyprenyl-1,4-benzoquinone) which play an important role in biological electron and proton transfer processes that occur in both respiration and photosynthesis [6] have intense IR spectral bands in the frequency region between 1700 to 1550 cm -1 in the neutral state in solvent and in the purple bacteria reaction centers [1, 4, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] . These IR bands are originated from the stretching vibration of C=O and C=C bonds of ubiquinone. Experimental spectra of ubiquinone in the solvent or Q A binding site of purple bacteria were taken from ubiquinone having long isoprene tail (10 units) [1, 4] . However, calculated spectra were generated from the ubiquinone with single isoprene unit [10, 16] because of negligible contribution of C=C groups of the tail and also the computational economy. To explore the environmental effect on the ubiquinone in the purple bacteria reaction center, isotope edited IR double difference spectra were measured in vivo [1, 4] . All of the experiments conform three major neutral ubiquinone IR bands which are down shifted in the purple bacteria reaction center compared to the band positions in the solvents [1, 4, 7] . However, IR spectra of neutral ubiquinones which are sitespecific 13 C labeled at the C 5 or C 6 positions (C 3 or C 2 positions in author's numbering) contains four distinct bands in CCl 4 [1] .
It is claimed that the extra band at 1638 cm -1 is due to the band shifting from the 1650 cm -1 band on site-specific 13 C labeled at the C 5 or C 6 positions. However, origin of the extra band at 1638 cm -1 has not clearly been discussed yet [1] . We have observed that the new band at 1638 cm -1 of site-specific 13 C labeled neutral ubiquinone in CCl 4 is due to the infrared intensity redistribution among C=C and C=O bands up on asymmetric isotope labeling of the molecule. This finding may also be valuable to explore the origin of various bands of ubiquinone difference spectrum in the purple bacteria reaction centers [1, 4] . Figure 1 shows the structure and numbering scheme for UQ n . The subscript, n, refers to the number of isoprene units in the chain at position 6. The ubiquinone molecule has two carbonyl groups at C 1 and C 4 positions, two methoxy groups at positions at C 2 and C 3 , a methyl group at C 5 position and an isoprene unit at C 6 position. In this work we have removed the part of the tail after the first isoprene unit. 
MATERIALS AND METHODS UQ structure and numbering

MOLECULAR OPTIMIZATION
Molecular geometry optimizations and harmonic vibrational frequency calculations of ubiquinone molecules were performed using hybrid DFT methods, employing the B3LYP functional and the 6-31+G(d) method within Gaussian 03 [17] . Minimum energy conformations of ubiquinone molecules were explored by calculating single point energy for 10⁰ steps of 2-and 3-methoxy dihedral angles. The constrained minimum energy conformers were further optimized in dichloromethane using PCM method [18] without any constrained.
SPECTRAL CALCULATIONS OF UNLABELED AND SITE SPECIFIC ISOTOPE LABELED UBIQUINONE MOLECULE
Vibrational frequency calculations of optimized ubiquinone molecule were performed at DFT/ B3LYP/6-31+G(d) level for both unlabeled molecule and 13 C labeled molecule at C 5 or C 6 carbon position of ubiquinone molecule. Infrared spectra were generated from the Gaussian output files of frequency calculations using Gauss View 5.0 at 4 cm -1 resolution. Potential energy distribution is calculated using gar2ped program [19] .
RESULTS
Ubiquinone has two flexible methoxy groups and a long isoprene tail. Length and orientation of isoprene units does not affect on the vibrational frequency provided that the molecule contains at least one isoprene [10, 15] . However, orientations of methoxy groups have vital roles on the vibrational frequency, modes of vibration, and hence the shape of spectrum. Thus, to extract realistic absorption spectra from possible structures at room temperature, all possible minimum energy conformers of neutral ubiquinone molecules should be considered. The minimum energy conformers of neutral ubiquinone molecules in CCl 4 have been explored by calculating single point energies at the step of 10⁰ dihedral angles of the methoxy groups with respect to the ubiquinone head. Eight minimum energy conformers labeled A, B, C, D, E, F, G and H have been observed [10] . The Boltzmann weight factors [20] for conformers in the composite spectrum were calculated from the calculated energy difference of the neutral ubiquinone molecules at room temperature.
The calculated ground state energy, energy difference, Boltzmann factors and dihedral angles of methoxy groups of the conformers at room temperature are shown in Table 1 . Table 1 shows that conformers A, B, C and D have relatively lesser energies than that of the remaining conformers E, F, G and H. Among conformers four low energy conformers C has the lowest energy at room temperature. Thus, the energy differences were calculated with respect to the energy of conformer C. Boltzmann factors were calculated at room temperature 298 K. Table 2 . The tail C=C stretching mode is not considered here because this band has very weak IR intensity and also it is not coupled with other modes of vibrations. Corresponding composite spectra generated from weighing spectra of eight conformers with Boltzmann factors of unlabeled, 13 C 5 and 13 C 6 isotope labeled neutral UQ 1 in CCl 4 are shown in Figure 2 . Figure 2 shows that the unlabeled neutral UQ 1 has three intense IR bands at 1676, 1650 and 1604 cm -1 . The 1676 cm -1 band is mainly (~ 80% ped) due to C 1 =O stretching vibration in conformers A and B and C 4 =O stretching vibration in conformers C and D. The 1650 cm -1 band is due to remaining C=O stretching modes of vibrations coupled with C=C stretching modes of vibration. The third band at 1604 cm -1 is due to the asymmetric stretching modes of vibration coupled with C=O modes which give rise to 1650 cm -1 band. The symmetric C=C stretching modes nearly at 1653 cm -1 have very weak IR intensities and is not seen in the spectrum. Because of higher energies and lesser Boltzmann factors, conformers E, F, G and H have very small contribution to the composite spectrum and hence they are not considered in the discussions here. Upon site specific asymmetric 13 C 5 or 13 C 6 labeling both C=C symmetric and asymmetric modes downshifted by ~ 18 and 14 cm -1 respectively. The C=C symmetric mode also gained much IR intensity upon asymmetric 13 C labeling at C 5 or C 6 positions and as a result a new band appeared at 1635 cm -1 in the corresponding IR spectrum. However, the C=C asymmetric band loses some intensity. On the other hand, the C=C coupled C=O mode at 1650 cm -1 is up-shifted by ~1 cm -1 and also lost some IR intensity.
DISCUSSIONS
Spectral modification of UQ 1 in CCl 4 upon site specific 13 C labeling can be compared with the experiment carried out by R. Brudler et al. [1] on UQ 10 in CCl 4 . Their numbering is different from ours in such a way that the atom numbers C 2 and C 3 are same as our atom numbers C 6 and C 5 . They also observed three intense IR bands of unlabeled neutral UQ 10 C labeling at C 2 or C 3 positions (their naming) was not clearly explained by the experimenters. However, they implied that this new band might be 12 cm -1 wavenumber shifted from 1650 cm -1 band. On the basis of the experimental data, they claimed that whatever the origin of the new band the symmetry of IR spectra of 13 C labeled at C 2 or C 3 positions of UQ 10 showed that these two positions were chemically equivalent. We have clearly seen that the slight change in the IR intensity and frequency upon asymmetric 13 C labeling is due to the modification of the scheme of coupling between lower frequency C=O stretching vibration and C=C stretching vibrations. The frequency downshift and intensity change of the asymmetric C=C stretching vibrations are also isotope mass increase and some changes in the coupling scheme between low frequency C=O made and C=C stretching modes of vibrations. Moreover, the asymmetric 13 C labeling at C 2 or C 3 positions of neutral ubiquinone not only down-shifts the symmetric C=C stretching mode but also increases its IR intensity. The spectral modification observed in the calculations of vibrational frequencies of neutral unlabeled and asymmetric 13 C labeled ubiquinone molecule may also be useful to explain experimental spectral modifications observed in the ubiquinone spectra in the Q A binding site of the purple bacteria reaction centers.
CONCLUSIONS
Infrared band intensity of very weak symmetric mode of vibration of symmetric molecules can be enhanced by asymmetric isotope labeling of participating atoms. This technique will be useful to explore positions of silent symmetric IR modes of the relevant molecules.
